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manipulation of specific BBB targets. This can overcome mechanisms of drug resistance in CNS diseases such as drug-refractory epilepsy. The mechanisms regulating the bioavailability of drugs across the BBB are similar to those used by other organ systems (e.g., gut and liver). These functions are performed by transporter proteins and metabolic enzymes (CYPs) that dictate the extent and chemical form of xenobiotics available (Dauchy et al., 2008 (Dauchy et al., , 2009 ).
Most studies related to the diseased BBB (e.g., drug resistant epilepsy) have focused on "transport" rather than "metabolic" barrier mechanisms. In vitro studies have demonstrated CYP expression by neurons and glia (Walther et al., 1986) . General CNS expression of CYP1A1, 1B1, epoxide hydrolase, and UDP-glucuronosyltransferase was confirmed using rodent models (Ghersi-Egea et al., 1987) and human brain tissue (Ghersi-Egea et al., 1993; Volk et al., 1995) . Recently, the presence of CYP enzymes was evaluated in an immortalized human-derived brain endothelial cell line (Dauchy et al., 2008 (Dauchy et al., , 2009 ).
In the present study, we evaluated the expression of CYP enzymes in primary endothelial cells established from a cohort of brain resections. We specifically investigated the effect of exposures to shear stress in regulating CYP gene levels using a dynamic in vitro system (DIV) capable of generating laminar flow recapitulating physiologic conditions (Stanness et al., 1996; Cucullo et al., 2008) . Previous evidence demonstrated that exposure to laminar flow affects the regulation of transcription and protein synthesis by BBB endothelial cells (Desai et al., 2002) . We investigated the expression of the CYP3A4 enzyme, involved in the metabolism of antiepileptic drugs (AEDs), using EPI-EC and matched drug-resistant epileptic brain specimens. We assessed the functional relevance of CYP endothelial expression in carbamazepine (CBZ) metabolism by high performance liquid chromatography (HPLC-UV). A human hepatocyte cell line was used as positive control.
Materials and Methods

Endothelial cells
We used the following: (1) primary endothelial cells derived from brain specimens resected from drug-resistant epileptic patients (EPI-EC, Table S1); (2) primary endothelial cells derived from brain specimens resected from aneurism domes (ANE-EC, Table S1 ); (3) commercially available control human brain microvascular cerebral endothelial cells (ScienCell, cat. num. 1000, HBMEC); and (4) human-derived umbilical vein endothelial cells (HUVEC, ScienCell, cat num. 8000).
EPI-EC and ANE-EC-
The investigation conforms to the principles outlined in the Declaration of Helsinki. Patient consent was obtained as per the institutional review board instructions before collection of the specimens. Cells were isolated from secondary branches of the middle cerebral arteries of brain specimens from patients undergoing temporal lobectomies (EPI-EC, Table S1 ) to relieve medically intractable seizures or remove aneurism domes (ANE-EC) (Dombrowski et al., 2001; Desai et al., 2002) . Briefly, surgical specimens were incubated in collagenase type II (2 mg/ml, Worthington chemicals) at 37°C for 20 min to dissociate the endothelial cells. Collagenase was then washed off with medium (1.5 g/100 ml, MCDB 105 supplemented with endothelial cell growth supplement 15 mg/ 100 ml, heparin 800 units/100 ml, 10% fetal bovine serum, and penicillin/streptomycin 1%). Cells stained positive for Von Willebrand factor (vWF) and were negative for glial fibrillary acidic protein (GFAP). EPI-EC were initially expanded in 75 cm 2 flasks precoated with fibronectin (3 μg/cm 2 ) . HBMEC and HUVEC were cultured under the same conditions. Human astrocytes (HAs, cat. no. 1800) were purchased from ScienCell Research Laboratories (San Diego, CA, U.S.A).
Hepatocytes-A human immortalized human hepatocyte cell line (cat. CRL-11233) was purchased from American Type Culture Collection (ATCC, Rockville, MD, U.S.A.). Cells were grown as recommended (CC3170; Clonetics Corporation, Walkersville, MD, U.S.A).
cDNA arrays-Gene analysis (total number of genes 4,319) was performed in EPI-EC, ANE-EC, HBMEC, and HUVEC ( Fig. S1 and Table S2 ). Patients' data (Table S1) were analyzed individually: EPI-EC (n = 4 patients GeneFilter, Research Genetics Inc., Huntsville, AL, U.S.A.), ANE-EC (n = 4 patients GeneFilter Research Genetics Inc.), HUVEC (GeneFilter Research Genetics Inc.), and HBMEC (Illumina bead-array, San Diego, CA, U.S.A.). Transcription changes were analyzed using Ingenuity Pathway Analysis (Ingenuity Systems, Mountain View, CA, U.S.A). GenBank/UniGene IDs were used. Among the genes screened, we analyzed the mRNA levels of different CYPs and drug transporter proteins. cDNA arrays were also performed on HBMEC and EPI-EC cultured under shear stress conditions. Briefly, cells were purged from the culture dishes by enzymatic dissociation (collagenase) and total RNA was extracted with Trizol reagent (Gibco Invitrogen, Carlsbad, CA, U.S.A.). EPI-EC used for the present study were passaged no more than two times after isolation (Dombrowski et al., 2001; Desai et al., 2002) . For gene expression analysis, human Genefilters (Research Genetics Inc.) were used. 33 P-dCTP was used to label probes used for hybridization to produce clean and sharp signals. To produce first strand cDNA probes, total RNA (1 μg) isolated from cells was mixed with oligos (1 μg/μl, 10-20 bases; Research Genetics), denatured for 10 min at 70°C and chilled on ice. Synthesis mixture consisting of first strand buffer, DTT, dNTPs mixture (dATP, dGTP, and dTTP at 20 mM, Pharmacia), Reverse Transcriptase (Superscript II, Life Technologies, Carlsbad, CA, U.S.A.) and 50 μCi 33 P-dCTP (ICN Radiochemicals, Irvine, CA, U.S.A.) were then added. The mixture was incubated at 37°C for 90 min and purified by gel filtration column chromatography. Filters were prehybridized with 1 μg/ml of poly dA and 1 μg/ml of Cot1 DNA for 2 h at 42°C. The probe was denatured at 90 °C for 3 min and added to the prehybridization mixture. Hybridization was performed overnight (12-18 h) at 42°C.
Dynamic in vitro model (DIV) (Stanness et al., 1996)
DIV modules were purchased from Spectrum (cat. no. 400-025, Spectrum Lab, CA, U.S.A) or Flocel Inc. (Cleveland, OH). Each module consists of hollow polypropylene capillaries embedded in a clear plastic chamber. The capillaries are connected with a medium reservoir and a pulsatile pump apparatus (Cellmax QUAD, Spectrum Lab, CA, U.S.A). Media is pumped in the luminal side. We used a flow rate of 4-5 ml/min corresponding to a shear stress of 3 dyne/cm 2 . Flow was applied to endothelial cells for 1 week using a dynamic in vitro (DIV) system. Control brain endothelial cells and EPI-EC (4 × 10 6 /DIV) were seeded in the luminal side as described previously . Cells were also seeded in the extraluminal side of the DIV and, therefore, not exposed to shear stress. Astrocytes (4 × 10 6 ) were cocultured in the abluminal side of the DIV.
Protein isolation and Western blot analysis-Total proteins were extracted from HBMEC and EPI-EC cultured in the DIV (n = 4) or from HBMEC and EPI-EC not exposed to shear stress (n = 4) or hepatocytes (n = 4) as previously described (Marchi et al., 2006) . The membranes incubated with the primary antibody (rabbit polyclonal Cytochrome P450 3A4, 1:1,000, Abcam Inc, Cambridge, MA, U.S.A) and mouse monoclonal β-Actin 1:500 dilution (Sigma, St Louis, MO, U.S.A) overnight at 4°C.
Histologic and immunocytochemical staining-Histologic and immunohistochemical (IHC) staining were performed from blocks of neocortical epileptic tissues obtained during surgery (Table S1 ). Human drug-resistant epileptic brain (n = 3) were evaluated for the study. For histologic studies, five sections (30-35 μm) from the temporal cortex were collected and stained with 1% Cresyl violet (CV) for cytoarchitectural analysis (dyslamination, abnormal neuronal morphology, ectopias, and vascular malformations. Free floating sections were stained with Cyp3A4, GFAP, and vWF (Marchi et al., 2004 (Marchi et al., ,2006 . We used: rabbit polyclonal anti-human Cyp3A4 (AB1254) (1:1,000, Chemi-Con, now Millipore, U.S.A.); mouse monoclonal anti-GFAP (G 3893, 1:100; Sigma, St Louis, MO, U.S.A.); mouse monoclonal anti-vWF (3H3126, 1:200; Santa Cruz, U.S.A.). Secondary antibodies: Texas red affinipure donkey anti-mouse IgG (1:100; Jackson Laboratories Inc., West Grove, PA, U.S.A.), and fluorescein isothiocyanate (FITC)-conjugated affinipure donkey anti-rabbit IgG (1:100; Jackson Laboratories Inc., West Grove, PA, U.S.A.). Autofluorescence was blocked with Sudan black B. Sections were analyzed by fluorescent microscopy.
CYP3A4 expression was quantified by measuring the green fluorescent signal in nine sections (n = 3 patients, Table S1 ). For quantification of CYP3A4 and GFAP expression, green and red fluorochromes were excited by a laser beam at 488 and 575 nm, respectively. All sections were scanned in the 1,600 × 1,200 pixel format in the x-y direction and the acquired images were processed using QCapture-Pro Software and Photoshop CS2. These measurements represent the "volume" of fluorescence (Marchi et al., 2006) . Pixel number and intensity were measured using a green (or red) channel only and adjustment of the background signal to zero.
HPLC-UV analysis-Carbamazepine was added (CBZ, Sigma-Aldrich) to obtain a final concentration of 40-60 μg/ml, as assessed by HPLC at time zero in each experiment (Table   1) . CBZ metabolism was estimated at different time points (0, 24, 48, and 72 h, Table 1 and Fig. 5 ) from flow and no-flow conditions (n = 4 per experiment) by reverse-phase highperformance liquid chromatography (HPLC) UV detection (Agilent 1100 Series) (Patil & Bodhankar, 2005) . HPLC was performed using a Zorbax Eclipse Plus C18 stainless steel column (4.6 × 150 mm, 3.5 μm; Agilent Technologies, Santa Clara, U.S.A.).
Preparation of standard solutions:
A stock solution containing 1 mg/ml of CBZ was prepared in methanol. The calibration standards (0.5, 5, 10, 20, 40, and 60 μg/ml) were prepared by further dilution of stock solution with drug-free media. All solutions were stored at −20°C.
Chromatographic conditions:
The mobile phase consisted of phosphate buffer (10 mM)-methanol-acetonitrile-acetone (55:22:12:11, v/v/v/v) at pH adjusted to 7.0 with 0.5 M NaOH. 10 mM phosphate buffer was prepared by dissolving 1.36 g of potassium dihydrogen phosphate (KH 2 PO4) in 1 L of doubly distilled water. Chromatography was performed at room temperature (flow rate of 1.2 ml/min at 210 nm).
Sampling and extraction procedure: Two hundred microliters of endothelial and hepatocyte media samples were collected and centrifuged at 4,900 g for 10 min. The supernatant was filtered through 0.2 μm membrane filter and 50 μl of filtrate was injected onto the column.
Specificity and precision:
The method was evaluated for specificity by analyzing different batches of drug-free media to check the interference of peaks of endogenous components of media. Stability: CBZ is stable for at least 4 weeks when stored at −20°C.
Statistical analysis-We used Origin 7.0 (Origin Lab, Northampton, MA, U.S.A) and JMP 7.0 (SAS) software. Shapiro-Wilk test was used to evaluate the normal distribution of the data (CYPs and drug transporters). Data are indicated as mean ± standard error of the mean (SEM). Student t test was used for direct comparison of two populations of data. Oneway analysis of variance (ANOVA) (and t test) was used on paired populations (e.g., HBMEC vs. EPI-EC, HBMEC vs. ANE-EC, and ANE-EC vs. EPI-EC). Multiple comparisons were executed using the Tukey-Kramer test. Two-way ANOVA was used in cases of two independent variables (e.g., cells type and exposure to shear). p < 0.05 was considered statistically significant.
Results
CYP mRNAs in primary human brain endothelial cells
Using cDNA microarray we evaluated the levels of CYP mRNA levels in EPI-EC, ANE-EC (see Table S1 ), HUVEC, and HBMEC. The primary cells EPI-EC and ANE-EC used for the study were passaged no more than two times after isolation. Previous study demonstrated that EPI-EC and ANE-EC retain their original phenotype, up to three passages (Desai et al., 2002; Cucullo et al., 2007) .
The complete list of the genes analyzed (GenBank/Uni-Gene IDs) is provided as a Table S2 . We found levels of CYP enzymes in freshly isolated human brain endothelial cells (EPI-EC and ANE-EC). Of a total of 16 CYP isoforms examined, 11 were significantly increased in EPI-EC and ANE-EC compared to the controls used (Fig. 1A, B) . Differences between EPI-EC and ANE-EC were not statistically significant. The levels of the housekeeping gene GAPDH did not vary among the endothelial cells used. We did not find significant changes in the mRNA levels of CYP3A5, CYP4B1, CYPC1, CYP21A, and CYP51A1. Other genes that did not change significantly were: tight junction (ZO1), tropomyosin alpha chain, potassium channel β-subunit, e-selectin, ubiquitin-like protein, glucose 6-phosphate, and glutathione peroxidase I. Other CYP enzymes (Dauchy et al., 2008) were not included in the analysis performed. Levels of drug transporter proteins (MDR1, MRP1-5, RLIP76, and cisPt, Fig. 1C ) were increased as previously reported (Dombrowski et al., 2001; Marchi et al., 2004; Awasthi et al., 2005; Loscher, 2007) .
CYP mRNA levels are affected by exposure to shear stress
We evaluated the mRNA level of CYPs and drug transporter proteins specifically in HBMEC and EPI-EC, exposed or not to shear stress (1 week, 3 dyne/cm 2 ). Cells were seeded either in the luminal side of the capillaries (exposed to shear) or in the extraluminal side (not exposed to shear) of a dynamic in vitro model ( Fig. 2A and Desai et al., 2002) . For HBMEC and EPI-EC, we calculated the ratio (mRNA) shear /(mRNA) no-shear for each CYP and drug transporter. Mean ± SEM was then calculated (n = 4, Fig. 2 ). Ratio of 1 indicates no change, whereas ratio >1 indicates the positive effect on transcription exerted by shear stress. Exposure to shear stress significantly affected the overall gene expression (Fig. S1B and Desai et al., 2002) . Exposure to shear stress significantly increased the transcript levels of CYPs and drug transporters (ratio > 1, Fig. 2B, D) . The following genes did not change significantly in response to shear stress: CYP 2J2, 11b, MRP1, and RLIP76 in EPI-EC; CYP1A1, 2C9, and 2B6 in control endothelium. Figure 2 shows the differential response to shear stress of EPI-EC and control endothelium. Note that CYP1A1, 1B1, 2B6, 2C, 4A11, MDR1, MRP1, RLIP, and Cis-Pt were differentially affected by exposure to shear stress in EPI-EC vs. HBMEC (*p < 0.05). The mRNA levels of enzymes involved in the metabolic conversion of antiepileptic drugs (Cyp3A4 and Cyp2A6) (Levy, 1995; Pearce et al., 2002) were also augmented by flow.
Effects of shear stress and drug exposure on CYP3A4 protein expression CYP3A4 is known to be involved in the metabolism of AEDs (Levy, 1995; Pearce et al., 2002) . We have, therefore, selected this specific enzyme and assessed its protein expression and functional relevance to drug metabolism. Fig. 3A , B shows that CYP3A4 protein, as assessed by western blot, was significantly higher (p < 0.05) in EPI-EC (n = 4 patients, Table S1 ) compared to HBMEC and that exposure to shear stress further augmented this protein. Results in Fig. 3B represent the mean values of CYP3A4 expression as evaluated in EPI-EC. Fig. 3A depicts a representative western blot. We also used a human-derived hepatocyte cell line as positive control for CYP3A4 expression. Hepatocytes demonstrated CYP3A4 protein levels higher than HBMEC but similar to EPI-EC (280 ± 20% in hepatocyte and 290 ± 30% in EPI-EC, Fig. 3B, D) . Hepatocyte CYP3A4 expression and metabolic potency were not significantly affected by exposure to shear stress (Fig. S3) . We confirmed that endothelial and hepatocytic levels of CYP3A4 are induced by exposure to drugs (carbamazepine, CBZ; Fig. 3C , D, (Luo et al., 2002) . However, exposure to CBZ did not have a significant effect on CYP3A4 levels in shear-exposed endothelial cells (HBMEC shear vs. HBMEC no-shear, Fig. 3D ). Both CBZ and shear stress increased CYP3A4 protein expression, but the initial exposure of endothelial cells to shear stress precludes further modulation provoked by drug exposure.
Immunohistochemical evaluation of CYP3A4 expression at the BBB of drug resistant epileptic patients
Sections of temporal cortex were collected from drug-resistant epileptic brain tissue (Table  S1 ) and stained with cresyl violet for cytoarchitectural analysis (Fig. S2) . Cortical abnormalities included the presence of ectopic neurons, disrupted columnar organization, and vascular dysplasia adjacent to relatively normal cortex. Adjacent sections were stained for CYP3A4, GFAP, and vWF (Fig. 4) . The montage image in Fig. 4A shows CYP3A4 expression in the dysplastic temporal cortex of epileptic human brain. Both penetrating and small caliber vessels were positive for CYP3A4 staining. CYP3A4 staining was more pronounced in gliotic brain regions (Fig. 4B, D, and E) . Panels A1 and A2 shows details of CYP3A4 staining in a non-gliotic region compared to a gliotic one. Glial cells in the proximity of blood vessels were positive for GFAP (Fig. 4D, E) . CYP3A4 also colocalized with vWF (Fig. 4F, G) .
We quantified the vascular CYP3A4 signal in brain regions associated with reactive gliosis (Fig. 4C) . Values in the bar graph represent the fluorescence density values relative to the green or red signals. CYP signal was 25 × 10 5 ± 1.3 × 10 5 in nongliotic brain regions (GFAP signal 39.3 × 10 5 ± 3.1 × 10 5 ), whereas the signal was significantly increased to 8.37 × 10 6 ± 2.5 × 10 6 in gliotic regions (GFAP signal 13.2 × 10 6 ± 6.2 × 10 6 ).
HPLC-UV analysis of carbamazepine metabolism by brain endothelial cells
We evaluated the functional significance of CYP upregulation in EPI-EC by measuring the levels of drug (CBZ) metabolized (HPLC-UV). CBZ was chosen due to the known metabolic transformation exerted by CYP3A4 (Levy, 1995; Pearce et al., 2002) . A summary of the results is shown in Table 1 and Fig. 5 . Endothelial and hepatocyte media alone did not provoke or facilitate the spontaneous degradation of CBZ (Table 1) . Endothelial cells exposed to shear stress determined a significantly higher decay of CBZ compared to noshear conditions within 72 h (28.7% and 20.2%, respectively; Table 1 ). This represents a relative increase in ~70% of metabolism between the two conditions. The results in Fig. 5A , B emphasize the reduction in CBZ levels after 72 h in culture. The histograms in the Fig.  5A , B show the average results obtained from three experiments under identical conditions. EPI-EC displayed levels of CBZ metabolism that was equal to hepatocytes and larger than the metabolic potency of control endothelium ( Fig. 5C and Table 1 ). Interestingly, small levels of CBZ were detected in the abluminal side of the epileptic BBB (small dotted line in chromatogram and bar graph, Fig. 5C ) throughout the duration of the experiments (0-72 h) compared to the amount of CBZ permeate in the abluminal space when using control endothelium in the DIV (small dotted line chromatogram and bar-graph, Fig. 5A ). These results support the presence of metabolic and transporter mechanisms in reducing drug brain penetration in the in vitro epileptic BBB. The relative changes in CBZ levels depicted in Fig.  5A , C are also summarized in panel D.
Discussion
Our data support the hypothesis that the diseased BBB acts as a metabolic barrier, possibly confounding the pharmacokinetics of central nervous system (CNS) drugs. The results obtained from a relatively small cohort of patients suggest the presence of CYP enzymes at the diseased BBB, including endothelium derived from epileptics. We also discovered that hemodynamic conditions play an important role in regulating CYP expression and function. Cerebrovascular drug metabolisms could alter the pharmacokinetics of CNS drugs and possibly contribute to the multifaceted drug-resistant phenotype observed in refractory epilepsy.
CYPs at the human brain endothelium
Liver and gut cells ensure the metabolic transformation of xenobiotics and endogenous molecules (Martignoni et al., 2006) . The data presented herein represent a significant departure from the concept of systemic drug metabolism, rather suggesting a local cerebrovascular drug transformation process. In the past, enzymes that are involved in hepatic drug metabolism have been mostly studied in the choroid plexus and leptomeninges (Ghersi-Egea et al., 1993) . Our data reveal CYP expression in the diseased human brain endothelium (drug-resistant epileptic and aneurism-derived brain entothelial cells). Specifically, an abnormal pattern of CYP expression in the epileptic brain could influence the pharmacokinetics of AEDs. Recent evidence revealed the presence of CYP enzymes in a human brain-derived cell line (hCMEC/D3) and human isolated microvessels (Dauchy et al., 2008 (Dauchy et al., , 2009 ). Accordingly, our data obtained using freshly isolated endothelium showed the presence of CYP1A1, 1B1, 2B6, 2E1, and 2J2 genes (Dauchy et al., 2008) . In accordance with previous findings (Dauchy et al., 2009 ), we generally measured higher CYP transcript levels in HUVEC compared to control brain endothelial cells (HBMEC).
We found levels of CYP3A4, CYPC9, CYP2A6, and CYP2J2 mRNA encoding for enzymes that are known to be responsible for the metabolism of AEDs (Figs. 1 and 3) . We specifically confirmed the upregulation of CYP3A4 protein at the epileptic brain endothelium.
Effect of shear stress on CYP regulation and function
Physiologic shear stress affects brain endothelial cell differentiation, tight-junction formation, and regulates the cell cycle causing mitotic arrest (Arisaka et al., 1995; Desai et al., 2002) . The DIV model used in our experiments generates shear stress resembling physiologic conditions (Stanness et al., 1996) . Under exposure to flow, CYP and drug transporter mRNA ratios (shear/no-shear) were greater than 1 (Fig. 2) , indicating the regulatory effect of shearing forces on transcription (Egnell et al., 2003) . Previous findings have demonstrated that CYP1A1 and 1B1 mRNA levels are induced in control nonbrain endothelial cells under shear conditions (Eskin et al., 2004) . The dissimilar effect provoked by shear stress in control and "epileptic" brain endothelial cells needs to be further clarified. Several variables such as cellular proliferation/differentiation and survival are involved when considering "diseased" endothelium (Desai et al., 2002; Han et al., 2008) . We are also aware of the possible variations associated with the use of freshly isolated brain cells from patients. Nevertheless, human-based investigations provide valuable data to be compared with those obtained using animal models or cell lines.
In the epileptic brain, local brain hyperperfusion is a common ictal event. It is possible that hemodynamic changes could be involved in the expression of CYPs and drug transporter proteins at the epileptic BBB. It is important to understand under what circumstances the effect of flow becomes operant. It is not farfetched to suggest a dynamic model of brain drug resistance. The changes in cerebral blood perfusion in response to the ictal-interictal cycle acting in the diseased brain could shape the profile of endothelial expression of several proteins, including CYP enzymes and multidrug transporters.
We have previously demonstrated that the flow-based DIV-BBB recapitulates the physiologic permeability properties of the BBB in vivo and is also capable of mimicking a drug-resistant phenotype . We now propose that the DIV-BBB also reproduces the metabolic barrier properties of the human epileptic BBB (Fig. 5) . Our results suggest that in vitro modeling of CNS pharmacodynamics requires appropriate models (such as those based on flow) and realistic cell types (as those taken from specific brain pathologies).
Our result also showed that preventive exposure to shear stress precludes any further induction of CYP expression (Fig. 3C-D) . This highlights the importance of culturing conditions (e.g., those mimicking the physiologic parameters) when analyzing the pattern of gene and protein expression in brain-derived endothelial cells. The effect of shear stress exposure was specific for endothelial cells. Hepatocytes exposed to laminar flow did not significantly change their expression of CYP3A4 (Fig. S3) . However, the relative contribution of variables associated with the epileptic condition (e.g., underlying pathology, hemodynamic changes, AED regimen, and seizure activity) in determining CYP/MDR overexpression needs to be further clarified. The possibility exists that EPI-EC deriving from patients treated with CBZ displays higher expression of CYP due to drug induction. However, within our cohort of patients with drug-resistant epilepsy, only three patients received CBZ (Table S1 ), whereas other AEDs were taken in combination.
Our HPLC data demonstrate that endothelial cells are capable of drug metabolism. In particular, EPI-EC displayed metabolic activity identical to that of cultured hepatocytes, which was significantly elevated compared to control endothelium ( Fig. 5 and Table 1 ). Concomitant to CYP3A4 overexpression, exposure to shear stress increased the metabolic potency of endothelial cells (Table 1) .
BBB CYP3A4 expression in the drug-resistant epileptic brain
Over the last decade, it has become evident that the epileptic brain has a tendency to overexpress a broad spectrum of multidrug transporter proteins (Dombrowski et al., 2001; Abbott et al., 2002; Aronica et al., 2004; Marchi et al., 2004; Loscher & Potschka, 2005; Aronica & Gorter, 2007; Janigro et al., 2007; Loscher, 2007) . Immunohistochemical data revealed the presence of CYP3A4 in blood vessels, in particular in those brain areas characterized by reactive gliosis (Fig. 4) . We are aware that one of the limitations of our study is the lack of normal brain tissue. Because of practical difficulties, control brain tissue was provided by histologically normal neocortex adjacent to the hippocampus with sclerosis. In such cases, control tissues are thus of the same age and have been exposed to the same environmental factors or drugs as has diseased tissue (Palmini et al., 2004; Sen et al., 2007) . Further studies are required to confirm overexpression of CYP enzymes compared to "more adequate" control human brains. For instance, recent evidence has suggested an increased vascularization at the epileptic foci, underscoring the complexity of the pathophysiologic events characterizing the epileptic brain (Rigau et al., 2007) . P-Glycoprotein, multidrug resistance-associated proteins (MRPs), and CYP3A4 together constitute a highly efficient barrier for many drugs (Schuetz et al., 2000; Yasuda et al., 2002; Pal & Mitra, 2006) . Our data have demonstrated that the epileptic BBB expresses both multi-drug transporter proteins and CYP enzymes. There is a striking overlap in CYP3A4 and P-glycoprotein inducers, substrates, and inhibitors (Yasuda et al., 2002; Pal & Mitra, 2006) . Both MDR1 and CYP3A4 are under the control of the pregnane X receptor (PXR), a nuclear receptor family regulating a number of enzymes and transporters in mammals (Ma et al., 2008) . One captivating hypothesis is that expression of CYP enzymes and drug transporters could be involved in cellular detoxification and promote a process whereby cells are allowed to survive in an otherwise hostile environment (Marroni et al., 2003; Marchi et al., 2004) .
In conclusion, we demonstrated the expression and function of metabolic enzymes by the diseased endothelial cells at the BBB. Our results also underscore the effect of hemodynamic forces on cerebrovascular gene expression, with emphasis on BBB drug metabolism and transport. Further investigations are needed to elucidate the significance of these findings, specifically to refractory forms of epilepsy, and whether a "metabolic" vascular barrier influences AED brain access.
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Refer to Web version on PubMed Central for supplementary material. (Table S1 ). cDNA analysis shows the presence of CYP enzymes in primary brain endothelial cells. CYP mRNA levels were increased compared to the controls (HBMEC and HUVEC). Levels of drug transporter proteins were also assessed (C). The levels of GAPDH mRNA were used as an internal control. Results are expressed as mean ± standard error of the mean (SEM) (oneway ANOVA, *p < 0.05 HBMEC vs. EPI-EC, **p < 0.05 HBMEC vs. ANE-EC, $ p < 0.05 EPI-EC vs. ANE-EC). See also Fig. S1 and Table S2 . CYP mRNAs are under the control of shear stress. (A) Schematic representation of the experimental design adopted. In the dynamic in vitro (DIV) system, media is pumped in the luminal side of polypropylene fibers, which determines shear forces. Control endothelial cells or EPI-EC (Table S1) Pattern of CYP3A4 protein expression in HBMEC and EPI-EC exposed to shear stress. (A-B) Western blot analysis shows that the CYP3A4 expression is significantly increased (p < 0.05) in EPI-EC (n = 4 patients, Table S1 ) compared to HBMEC (*). CYP3A4 expression was significantly increased by shear stress in both cell types (**). Expression of CYP3A4 in EPI-EC was comparable to hepatocytes. (C-D) Exposures to carbamazepine (CBZ) induced the expression of CYP3A4 in endothelial cells and hepatocytes (*). However, CBZ exposure did not exert significant effects on shear-stress preexposed endothelial cells (HBMECshear). In HBMEC with no-shear exposure CYP expression was significantly different compared to HBMEC shear and hepatocytes (**). The intensity of the bands obtained by western blot was normalized by β-actin value. Results are expressed as mean ± SEM [twoway analysis of variance (ANOVA), p < 0.05]. Note the reduction of CBZ in the luminal side and the near-zero levels of CBZ in the abluminal side (dotted line), suggesting poor penetration across the drug-resistant epileptic BBB. The amount of CBZ penetrating the BBB was higher in the control endothelium (dotted line in A). The relative percentage of CBZ metabolized by hepatocytes, HBMEC shear, and no-shear and epileptic is summarized in (D) and in Table 1 (One-way ANOVA, *p < 0.05 EC-shear vs. Epi-BBB; **p < 0.05 hepatocytes vs. EC-shear; $ p < 0.05 HBMEC vs. HBMEC shear; $$ p < 0.05 HBMEC shear vs. EPI-EC.) Results are expressed as mean ± SEM. Table 1 CBZ metabolized with time as determined by HPLC-UV Data are expressed as mean values (μg/ml) ± SE (n = 4 experiments/condition). Data are relative to sampling performed at indicated time points.
